The exact function of the doublesex and mab-3 related transcription factor-like family a2 gene (dmrta2) has remained largely unknown possibly because of its functional redundancy with dmrta1 in most vertebrates. In this study, dmrta1 was demonstrated to likely be absent in the zebrafish genome, which facilitated our functional analysis of dmrta2 in this model organism. To analyze its gene function in embryos and adults, we generated a mutant form of Dmrta2 (R106Q, Dmrta2 RQ ) with its in vitro DNA-binding capacity abolished and a transgenic line for the inducible expression of this mutant Dmrta2 RQ upon doxycycline (Dox) treatment. Preferential dmrta2 expression was detected in the developing brain during embryogenesis and in the adult testis. During embryogenesis, Dmrta2 RQ expression caused severe embryonic development defects and dramatic expression changes of two telencephalic marker genes, fibroblast growth factor 8a (fgf8a), and empty spiracles homolog 1 (emx1). In adults, the inducible Dmrta2 RQ expression occurred specifically in the adult testis and recapitulated the endogenous dmrta2 expression in this organ. Intriguingly, adult males expressing dmrta2 RQ showed normal spermatogenesis and were fertile, but the expression of cyclindependent kinase inhibitor 2C (cdkn2c), which is evolutionarily clustered with dmrta2, was significantly suppressed during spermatogenesis. Further protein-binding and promoter mutation analysis indicated that a putative Dmrta2-binding site on the cdkn2c promoter was required for sustaining the normal expression of cdkn2c during zebrafish spermatogenesis, suggesting that Dmrta2 might regulate the expression of cdkn2c.
INTRODUCTION
The DM domain-related gene (dmrt) family has gained increasing attention over the past decade. Scientists are fascinated by the fact that dmrt1, which is homologous to the Drosophila sex regulatory gene doublesex and the Caenorhabditis elegans sex regulator mab-3, and its vertebrate orthologs are frequently recruited across divergent phyla to guide male sex determination, sex differentiation, and spermatogenesis in novel sex determination mechanisms that arose during evolution [1] [2] [3] [4] [5] [6] . Additionally, a duplicated copy of dmrt1-dmy has been proposed to be the medaka counterpart of the mammalian sry gene [6, 7] , representing to date the only sex (male)-determining gene found in animals without distinguished sex chromosomes. Despite the high correlation of dmrt1 and dmrt1-like genes with male sex determination and development, the dominant W-linked gene DMW (a coortholog of dmrt1) was found in a frog species, Xenopus laevis, and has functions opposing those of dmrt1 in determining the fate of ovarian development. Current evidence suggests that DMW acts by antagonizing the transcriptional activity of Dmrt1 through competition with the same target sequences in Xenopus [4, 8] . This might represent a novel female sex-determining gene that has not yet been characterized, indicating that the dmrt genes are actually versatile enough to perform more functions than simply influencing male gonad development.
Evolutionary analysis of the dmrt gene family [9] and our comparative results of dmrta1-and dmrta2-containing genomic fragments from various organisms [10] indicate that dmrta1 and dmrta2 might have originated from ancient gene duplication before the divergence of teleosts and tetrapods. Considering the overlapping expression patterns of dmrta1 and dmrta2 in the embryonic forebrain of platyfish [11] and the embryonic gonads of mice [12] and platyfish [11] , we can reasonably propose that they might perform partially redundant functions in the above tissues. Unfortunately, very few functional studies on the dmrta1 or dmrta2 genes have been performed to date. Indeed, despite their strong expression during early developmental stages and in adult mouse gonads [12, 13] , only very subtle phenotypic evidence for the presence of polyovular follicles in female ovaries was observed when dmrta1 was mutated in the presence of wild-type (WT) dmrta2 [14] . This indicates that the loss of dmrta1 function could be partially or mostly compensated for by the existing dmrta2 gene. It is not clear whether these results could also apply to other more recent vertebrate groups. To be sure, double mutants of both mouse dmrta1 and dmrta2 and studies using additional more recent vertebrate groups are required to test this hypothesis. Fortunately, the dmrta1 gene appears to be absent in the zebrafish genome.
The isolation of the dmrta2 gene in zebrafish provides an excellent opportunity to learn more about its regulatory functions in a vertebrate species. Recently, dmrta2 was revealed to play significant roles in embryonic neurogenesis using dmrta2 mutant zebrafish [15] . However, those embryos deprived of dmrta2 products could not survive through the larval stage. Hence, this mutant was not suitable for studying dmrta2 function at later developmental stages, especially the adult gametogenesis. Here, we report a functional analysis of the dmrta2 gene by creating a potential dmrta2 dominantnegative (dmrta2 RQ ) transgenic line. By inducing the expression of dmrta2 RQ during the embryonic developmental stages, we successfully suppressed the expression of emx1 and elevated the expression of fgf8 (two telencephalic marker genes), which could be rescued by overexpression of dmrta2. Significantly, we found dmrta2 locus is located within a highly conserved syntenic block, whose members, including cdkn2c, show testis-enriched expression. Although no obvious phenotype defects were detected in the adult gonads while dmrta2 RQ was expressed, a significant decrease in cdkn2c expression in adult testis was detected using quantitative PCR (qPCR) and in situ hybridization analysis. Further protein-binding and promoter mutation analyses indicated that dmrta2 might perform its functions by regulating cdkn2c expression via direct binding to its promoter region.
MATERIALS AND METHODS

Zebrafish Maintenance and Strategies for Doxycycline Induction
The spawning of adults and care and husbandry of embryos were carried out according to standard protocols [16] . Juveniles and adult zebrafish were raised at 288C on a 12L:12D cycle and maintained in a recirculated water system as described previously [17] . For Dox induction, adult zebrafish were kept at 28.58C in 1 L tanks containing 50 lg/ml Dox without water circulation; control fish were kept under the same conditions in the absence of Dox. Dechorionated embryos were raised in agarose-coated Petri dishes at 288C in standard embryo medium containing 10 lg/ml Dox; control embryos were kept under the same conditions in the absence of Dox. The animal protocol for this research was approved by the Institute of Hydrobiology Institutional Animal Care and Use Committee (Approval ID: keshuizhuan 0829).
Plasmid Construction and Generation of Transgenic Zebrafish Lines
The dmrta2 promoter was amplified from zebrafish genomic DNA using primers Dmrta2PF and Dmrta2PR (primer sequences are listed in Supplemental  Table S1 ; all the Supplemental Data are available online at www.biolreprod. org), digested with SalI and SacI and then inserted into the XhoI-and SacIdigested pTet-On Advanced Vector (revised version with rtTA-Advanced replaced with rtTA-M2 and the HindIII site destroyed by inserting both SalI and AsiSI restriction sites). The resulting construct was named pDmrta2-rtTA-M2.
Myc tag-fused dominant-negative Dmrta2 was amplified using primers Dmrta2 RQ F, Dmrta2
RQ
R1, Dmrta2
RQ F1, and Dmrta2 RQ R, digested with XhoI and XbaI, and then inserted into the SalI-and XbaI-digested pTRE-Tight Vector (Clontech). The resulting construct was then used as a template for PCR amplification using primers pTightF and pTightR. The PCR product was further digested with SalI and AsiSI and then inserted into the SalI-and AsiSIdigested pDmrta2-rtTA-M2 to yield pDmrta2-rtTA-M2-myc-Dmrta2
RQ . The pDmrta2-rtTA-M2-myc-Dmrta2
RQ plasmid was linearized with AsiSI and microinjected into one-cell stage WT embryos at approximately 0.1-0.2 ng/ embryo. Germline transgenic founders were screened by whole-mount anti-myc tag antibody staining of F1 embryos at 24 h postfertilization (hpf) upon Dox induction. Adult F1 transgenic fish were identified by the fin clip PCR screening method.
The CH211-165L2 BAC (bacterial artificial chromosome) clone containing the complete cdkn2c gene was ordered from BPRC (bacpac.chori.org), and two modified BACs (165L2-eGFP and 165L2 m -eGFP) were generated according to standard protocols [18, 19] . 165L2-eGFP was generated by replacing the cdkn2c gene start codon with the eGFP coding sequence, and the putative Dmrta2-binding site was further removed to create 165L2 m -eGFP. Both BACs were injected into one-cell stage Dmrta2 RQ transgenic embryos at 0.05-0.1 ng/ embryo. Adult F1 transgenic fish were identified by the fin clip PCR screening method. Relative transgene numbers were determined by qPCR analysis, and F1 founders with similar or slightly more copies were always chosen for 165L2 m -eGFP transgenic fish. The overrepresented spermatogenesis-related putative transcription-binding sites were predicted using the P-Match method developed by Biobase [20] against keratinocytes and muscle cells as the background sets.
In Situ Hybridization and Antibody Staining
Whole-mount in situ hybridization was carried out as described by Liu et al. [21] . In situ hybridization of WT and transgenic zebrafish gonadal sections were performed as described previously by Xia et al. [22] with antisense dmrta2 and cdkn2c probes. The resulting PCR products of dmrta2 and cdkn2c were further digested with BamHI and XhoI and inserted into the BamHI and XhoI digested pCS2þ vector. Whole-mount immunostaining was carried out as described previously [22] . The antibodies used were rabbit anti-eGFP (1:50; Molecular Probes), mouse monoclonal anti-myc tag (1:200; Molecular Probes), rabbit polyclonal anti-myc tag (1:20; EMD Millipore), rabbit anti-GST (1:100; Abcam), and rabbit anti-Vasa (1:50; developed against prokaryotically expressed gibel carp proteins in our lab).
Quantitative RT-PCR
One microgram of total RNA was isolated with the SV Total RNA Isolation System according to the manufacturer's instructions (Promega), reversetranscribed using M-MLV reverse transcriptase (Promega) and amplified using FastStart SYBR Green (Roche) as described previously [23, 24] . All the samples were normalized to b-actin expression.
Gene Synteny Analysis and Chromosome Comparisons
Genomic sequences flanking the dmrta2 loci and the corresponding annotation data for various organisms, including stickleback, tetraodon, Xenopus, zebra finch, chicken, chimpanzee, human, and mouse, were extracted from the Ensembl server at http://www.ensembl.org. The orthologous relationships for each organism were recovered by reciprocal BLAST (BLASTP 2.2.16) [25] against the other respective genomes. The annotation data were manually complemented with Genscan (http://genes.mit.edu/ GENSCAN.html) predictions because of the absence of certain orthologs in the annotation data of several organisms. Whole genome data for various organisms were downloaded from the Ensembl ftp server (ftp.ensembl.org) and analyzed using the reciprocal BLAST tool as described previously [26] .
DNA-Binding Analysis
The dmrta2 ORF sequence was amplified with primers GSTD5F and GSTD5R, and the dmrta2 RQ sequence was PCR amplified with primers GSTD5F, Dmrta2RQR1, Dmrta2RQF1, and GSTD5R using two-step PCR. The products were cloned in frame into the pGEX-KG vector using BamHI and HindIII and transformed into Escherichia coli BL21DH5a. Recombinant GSTfused proteins were purified from cell lysates using GST-Tag Purification Resins (Clontech) after isopropyl b-D-1-thiogalactopyranoside induction. The qualities and concentrations of the purified proteins were quantified using protein gels followed by Coomassie staining and the use of a NanoDrop spectrophotometer (Thermo Scientific).
Double-stranded DNA of the Dmrta2 promoter was amplified by PCR amplification with primers D5PF and D5PR. For the gel mobility shift assay, probes were made into double strands by annealing oligonucleotides (both were biotin labeled at the 5 0 end). The DNA oligonucleotides were S1 (from primers S1F/R) from the previously reported Dmrta2-binding site, S2 (from primers S2F/R) from the zebrafish cdkn2c promoter region, and a nonspecific site (NS) (from primers NSF/R). Binding was studied in 10 mM Tris-HCl (pH 7.4), 10% glycerol, 100 mM KCl, 0.1 mM ZnCl 2 , 34 lg/ml bovine serum albumin, and 3 ng/ll poly (d [I-C]) DNA (unlabeled). The concentrations for the DNA-binding reaction were 7.5 lM for protein and 0.2 lM for DNA. The GST-Dmrta2/DNA complex was digested with AluI and ligated to a blunt oligonucleotide linker (from annealed LinkF/R) and then amplified using primer linkP. Specific DNA binding was monitored by 10% polyacrylamide gel electrophoresis in 0.5 3 Tris (pH 8.0), borate, and 2 mM ethylenediaminetetraacetic acid buffer at 25 mA and 48C. The gel was transferred onto a positively charged nylon membrane (BrightStar-Plus; Ambion). The washed membrane was incubated with CDP-Star (Applied Biosystems) and then exposed to x-ray film at room temperature.
Messenger RNA Injection
Dmrta2 and Dmrt1 open reading frame clones were amplified by PCR using primers D5orfF/R and D1orfF/R. The products were subcloned into the pCS2þ vector and linearized with XhoI for in vitro transcription using the mMESSAGE mMACHINE kit (Ambion) according to manufacturer's XU ET AL.
instructions. The transcribed mRNA (50 and 200 pg) was injected into Doxtreated embryos at the one-cell stage.
RESULTS
dmrta1 Is Likely Absent in the Zebrafish Genome dmrta1 has not been previously identified in zebrafish [9, 15] . Because most of the dmrta1 sequence resembles that of dmrta2, we performed PCR amplification from various adult tissues, early stage embryos, and genomic DNA using degenerate primers designed according to the amino acid sequence of the Dmrta2 DM domain and failed to recover the dmrta1 sequence from zebrafish. We then scanned the whole zebrafish genome (ZV9 assembly and all unassembled clones), which has been sequenced, for potential sequences encoding DM domains; still, no dmrta1 sequence was revealed. Furthermore, we analyzed the chromosome segments containing the dmrta1 gene from species belonging to various phylogenetic groups (including medaka, stickleback, tetraodon, Xenopus, zebra finch, chicken, chimpanzee, human, and mouse). In all of these species, dmrta1 genes were consistently located close to either the embryonic lethal, abnormal vision, Drosophila-like 2 (elavl2) or cdkn2a (or cdkn2b) genes (Supplemental Table S2 ); these genes might be the duplicated versions of elavl4 and cdkn2c, which are closely linked to dmrta2 [10] . Our results indicated that unlike most organisms in which dmrta1 and elavl2 were found to be tightly linked, zebrafish elavl2 was located at one end of chromosome 22 and no dmrta1 or cdkn2 genes were found in this region around the elavl2 gene (Supplemental Table S2 and Fig. S1A ). A meticulous comparison of the adjacent genes around elavl2 in medaka, stickleback, and zebrafish (Supplemental Fig. S1B ) indicated that the corresponding genomic region had undergone frequent rearrangement events during zebrafish evolution, which might have caused the loss of dmrta1.
Highly Conserved Syntenic Block of Vertebrate dmrta2 Loci
A whole genome comparison found that zebrafish chromosome 7 might be orthologous to the dmrta1-containing chromosomes in stickleback (Chr:groupVII) and medaka (Chr:18) (Supplemental Fig. S2A ), and many syntenies were shared between medaka chromosome 18 and zebrafish chromosome 7, which is consistent with the results from our analysis of a small portion of the medaka chromosome with dmrta1 gene (Supplemental Fig. S1B ). In contrast, very few syntenies were shared between the dmrta2-containing chromosomes of zebrafish and medaka, but a long, conserved gene block was still found around the dmrta2 genes (Supplemental Fig. S2B ). We then performed an exhaustive search for dmrta2 genes in diverse vertebrate genomes and generated contiguous sequences for the syntenic blocks that were highly conserved in these organisms. As shown in Figure 1 , at least a dozen genes, including dmrta2 and elavl4, formed a highly conserved synteny across the studied vertebrate organisms. This synteny spanned approximately 1.5 Mb (mega bases) on zebrafish chromosome 8 and 3.5 Mb on human chromosome 1, indicating that although many rearrangements had occurred in the chromosomal regions around dmrta2, the gene clusters were still very well conserved among vertebrates. On the other hand, although more gene blocks were found to be shared between zebrafish chromosome 7 and medaka chromosome 18, which contains dmrta1, dmrta1 obviously did not fall into any of those gene blocks in zebrafish (Supplemental Fig. S2A ). This result suggests that the chromosomal region around dmrta1 might be very unstable. The existence of the significantly higher than expected conservation of dmrta2-containing syntenic blocks ( Fig. 1) suggests that dmrta2 and at least 11 other surrounding genes might share similar expression patterns and have strong functional relationships with each other [27] [28] [29] . Prior studies have shown that a mutation of amino acid residue 91 (arginine) to glutamine in the Drosophila dsx gene permits Zn-dependent folding and cooperativity but impairs specific DNA-binding activity [30, 31] . Our comparison of various DM domain sequences from the human and zebrafish dmrt genes with the dsx DM domain and several other invertebrate dmrt genes indicated that this position was highly conserved in all the examined sequences except for human dmrtB1 (Supplemental Fig. S3 ). Interestingly, human DmrtB1 has been shown to be incapable of binding the examined common consensus sequences [32] . Based on this evidence, we proposed that this arginine residue might also be vital for the DNA-binding capacity of the zebrafish Dmrta2 protein. We then replaced the position-106 arginine with glutamine in a mutated version of zebrafish Dmrta2 (Dmrta2 RQ ) and added a GST tag at its N-terminus to facilitate purification ( Fig. 2A ). An electrophoretic mobility shift assay (EMSA) showed that zebrafish Dmrta2 specifically bound to the S1 sequence that had been tested previously for the mouse Dmrta2 protein; this binding was outcompeted by cold S1 in a dose-dependent manner (Fig. 2, B1-B4) . However, as shown in Figure 2B5 , the DNA-binding capacity of zebrafish Dmrta2 to the S1 probe was clearly abolished by this single amino-acid mutation. Considering the fact that Dmrt family proteins bind target DNA as both homodimers and heterodimers [32] , Dmrta2 RQ might serve as a potential dominant-negative inhibitor for endogenous Dmrta2 proteins.
Dmrta2 RQ Expression Caused Changes in the Expression of Two Telencephalic Marker Genes, fgf8a and emx1, During Embryogenesis
To reveal the functional roles of Dmrta2 in adult gonads, especially in the testis, we generated a transgenic line using the tetracycline (Tet)-on system and the dmrta2 promoter (Fig.  3A) , which was capable of expressing Dmrta2 RQ specifically in the adult stage. Using our transgenic zebrafish, obvious forebrain Dmrta2 RQ expression was observed only in the Dox-treated embryos (Fig. 3, B-G) , and no embryos survived to the larval stage if Dox treatment was sustained until 3 days postfertilization, which was consistent with the lethal phenotype reported in a recent study using dmrta2 mutant zebrafish [15] . Therefore, the potential inhibitory effects of Dmrta2 RQ could be tested by inducing its expression in the developing embryonic telencephalon of our transgenic zebrafish.
Moreover, a cellular level analysis of these potential effects was performed in the Dmrta2 RQ -expressing embryos. As shown in Figure 4 , the Dox-treated transgenic embryos possessed slightly smaller heads than the nontreated transgenic embryos at 24 hpf (Fig. 4, A and B) , and the difference became obvious at 48 hpf, at which point deformed and significantly smaller brains appeared in the Dox-treated transgenic embryos (Fig. 4, C and D) . Hematoxylin-and eosin-stained embryo sections showed that even though no significant cellular differences were observed between the Dox-treated and nontreated telencephalons at 24 hpf (Fig. 4 , E and F), significantly less developed neurons were found in the Doxtreated embryos, especially in the telencephalons (Fig. 4, G and  H) .
We then tested the expression of some telencephalic genes, including those reported to have reduced expression in homozygous dmrta2 À/À embryos, which are elavl4, neurogenin1, neurod, foxg1a, and emx3 [15] . However, no obvious (if any) changes in expression were detected in the Dox-treated embryos until 20 hpf compared with nontreated embryos (shown for emx3 and foxg1a in Fig. 5, A-H) . We propose that this result might be due to the more complete loss of dmrta2 function in the mutant embryos than in Dox-treated transgenic embryos. In contrast, dramatically decreased expression of emx1 and increased expression of fgf8a were observed in more than 84%-numbers are from three independent experiments: 1) emx1: (Fig. 5, I -L and N-Q).We noticed that some Dox-treated telencephalons exhibited low Dmrta2 RQ expression by anti-myc antibody staining (data not shown), which might account for the fact that less than 16% of the Dox-treated telencephalons did not show dramatic changes in emx1 and fgf8a expression. These data indicate that the application of Dmrta2 RQ was successful in interfering with the functions of endogenous WT Dmrta2 proteins. Despite the observation that the morphological phenotype of Dox-treated embryos was indistinguishable from that of WT embryos at 24 hpf, the dramatic effect on the expression of these two telencephalic markers suggested that dmrta2 might play an important role in FIG. 2 . The ability of Dmrta2 RQ to bind the preferred site (S1) for mouse Dmrta2 was lost, while wild-type (WT) Dmrta2 showed specific binding to this sequence. A) Only the position-106 arginine (R) of the DM domain was replaced with glutamine (Q shown in red) in Dmrta2 RQ compared with WT Dmrta2, and GST was fused to the N-terminus to facilitate purification. The identical amino acids are labeled with underlined asterisks, and the approximate location of these sequences is underlined. B) EMSA analysis. Dmrta2 bound specifically to the S1 probe. The hot S1 probe was incubated with 13, 43 and 803 (B1-B4) concentrations of cold S1 probes individually. This binding ability was abolished with Dmrta2 RQ (B5). Complexes c1 and c2, representing 1:1 and 2:1 protein-DNA complexes, respectively, are indicated by arrows.
embryonic telencephalon development during somitogenesis. Emx1 function is still not clear. In mice at least, despite its restricted expressions in proliferating neural stem cells and glial cells [33] , emx1 mutant mice displayed only modest defects [34] . Also, when fgf8a is mutated, zebrafish embryos do not show a severe phenotype, which they do in dmrta2 mutated zebrafish [35] . Thus, the severe interruption of zebrafish forebrain development upon dmrta2 RQ induction (Fig. 4) might be caused by the combination of decreased expression of emx1 and the expanded expression of fgf8a. However, based on the fact that very limited marker genes were tested here, as suggested in the mutant study, other genes that play important roles during embryonic brain development were very likely to be affected and contributed to the observed phenotype as well [15] . Different Dmrt proteins have been shown to form heterodimers at least in vitro [32] . In cell types that coexpress Dmrta2 and other Dmrt proteins, such as in the testes [36, 37] , the Dmrta2 RQ protein might form heterodimers with these other Dmrt proteins and thus cause nonspecific effects. We partially tested this possibility in the developing brain by coinjecting dmrt1 mRNA into the Dox-induced Dmrta2 RQ transgenic embryos. As shown in Figure 5 , I and R, the expression changes of two telencephalic marker genes, fgf8a and emx1, (Fig. 5, Q and R). These data suggest that Dmrta2 RQ might dimerize specifically with the Dmrta2 protein in a more efficient manner than with Dmrt1 protein. Hence, Dmrta2 RQ will be less likely to disrupt other Dmrt functions in the developing male germ cells. Dmrta2 mRNA expression is detected in embryos as early as the tail bud stage as shown by RNA in situ hybridization [15] , but there is still no definitive indication whether the Dmrta2 protein might also be required for the early stages of development at the protein level. We pursued the answer to this question by injecting in vitro translated GST- dmrta2 REGULATES cdkn2c EXPRESSION Dmrta2 RQ into one-cell stage embryos and monitoring the degree of dispersion of the GST-Dmrta2 RQ protein by immunofluorescence staining with an anti-GST antibody (Supplemental Fig. S4 ). Our results showed that early cell division was not affected and that the embryos developed quite normally, indicating that dmrta2 might act relatively late in embryogenesis.
Specific Induction and Cellular Localization of Dmrta2 RQ Expression in the Adult Transgenic Zebrafish Testis
We next analyzed the expression of Dmrta2 RQ in embryos and adults of the transgenic zebrafish upon Dox induction by qPCR. In comparison with endogenous Dmrta2 expression, Dmrta2 RQ expression could be induced in embryos and adults. Notably, the inducible Dmrta2 RQ expression occurred specifically in the adult testis, whereas its expression level was far less than that of the endogenous dmrta2 in the adult brain (Fig.  6A) . The specific induction of Dmrta2 RQ expression in the adult transgenic zebrafish testis might be related to the relatively incomplete promoter, which spans approximately 5 kb upstream of the dmrta2 start codon, used in the Dmrta2 RQ transgenic zebrafish. Thus, we could treat the adult transgenic zebrafish with Dox to induce the temporal expression of Dmrta2 RQ and analyze its functional roles in testis.
Moreover, the same expression of endogenous Dmrta2 and transgenic Dmrta2 RQ were confirmed by in situ hybridization and immunofluorescence localization in testis sections from the transgenic fish. As shown in Figure 6 , B-E, the endogenous dmrta2 transcripts revealed by in situ hybridization with a dmrta2 probe (Fig. 6 , B and C) and the transgenic Dmrta2 RQ proteins immunostained with a myc-tag antibody (Fig. 6D ) appeared in the same germ cells (Fig. 6E) . Similarly, the expression of the Dmrta2 RQ proteins (Fig. 6F) and Vasa (Fig.  6G) , a germ-cell marker, also overlapped (Fig. 6H) in the same germ cells.
Fertility of Zebrafish Adults with Induced Expression of Dmrta2 RQ
Considering that the duration of the meiotic and spermiogenic phases in zebrafish is only approximately 6 days [38] , Dox was used to treat the transgenic adult fish for 2 wk before spawning to study dmrta2 function during spermatogenesis. After the first week, matings between treated transgenic males and females were performed to remove as much of the remaining sperm from the last spermatogenesis period as possible. However, the mating of the Dox-treated transgenic male and female zebrafish unexpectedly produced healthy, normal sized progeny, and no obvious developmental abnormalities were observed. The Dox-treated testis also had normal structures and showed normal spermatogenesis compared to the nontreated groups (Fig. 7, A and B) .
Expression of cdkn2c Was Suppressed in the Dmrta2 RQ -Expressing Testis dmrta2 has been shown to be located within a highly conserved syntenic block (a cluster of genes) across various vertebrate organisms (Fig. 1) . Intriguingly, the expression of all of the syntenic genes except calr4 was demonstrated in the testis by PCR analysis (data not shown). These data suggest that these genes might be involved in the same biological processes across a wide range of vertebrate organisms [27] [28] [29] . Their testicular expression was consistent with a recent study in mice showing that a large proportion (more than expected by chance) of testis-expressed genes tend to be clustered, even after the removal of tandem repeats [39] . We compared the mRNA expression levels of the clustered genes between nontreated and Dmrta2 RQ -expressing testis induced by Doxtreatment using qPCR. In comparison with nontreated testis, the expression of cdkn2c was significantly reduced in the Dmrta2 RQ -expressing adult testis, while the expression of the other five genes was basically unaffected (Fig. 7C) . The decrease in cdkn2c expression was further validated by in situ hybridization of sections from the induced and untreated testes. This experiment clearly showed that the expression of cdkn2c mRNA was almost undetectable in the Dmrta2 RQ -expressing testis (Fig. 7D) compared to the normal expression in the untreated testis (Fig. 7E) . However, in these Dmrta2 RQexpressing testes, the expression of vasa did not change (Fig.   7 , F and G). Based on these results, we concluded that dmrta2 might act as a cdkn2c activator during testis development. In mice, abnormal spermatogenesis only occurs when both cdkn2c and cdkn2d are lost. Thus, the cdkn2d expression was further examined using qPCR, and no obvious change in expression level was observed in the Dmrta2 RQ -expressing zebrafish gonads compared to the nontreated gonads (Fig. 7C) .
In Vitro Interaction of the Dmrta2 Protein with the cdkn2c Promoter
Our results indicate that when the normal Dmrta2 function is interfered with, the expression level of cdkn2c is greatly reduced. However, it is not clear whether this reduction is caused by the loss of direct binding of the WT Dmrta2 protein to the cdkn2c regulatory elements upon Dmrta2 RQ -induced disruption or whether the reduced expression is simply an indirect effect caused by another unknown gene that was affected. We first explored this question by incubating GSTDmrta2 proteins with cdkn2c potential promoter DNA, which contained the sequence starting from the start codon of the RQ expression between WT and Dox-treated transgenic zebrafish in early shield stage embryos and epiboly-stage embryos and in adult ovary, testis, and brain tissues. The error bars indicate standard deviation from three independent experiments; *P , 0.05, **P , 0.01. B) In situ hybridization analysis of dmrta2 expression on a WT fish testis section. C) In situ hybridization analysis of dmrta2 expression on a Dox-treated transgenic fish testis section. D) Immunofluorescence staining for Dmrta2 RQ expression using the myc-tag antibody (green) on the same section as in C. Propidium iodide (PI) staining in red shows the position of the nucleus. E) The corresponding overlaps of C and D without the red channel for PI staining. F) Dmrta2 RQ (green) immunostained using the myc-tag antibody. G) Vasa (red) immunostained using the Vasa antibody (green) on the same section as in F. H) Both F and G are also overlapped in the same germ cells in Dox-treated transgenic fish testis. Bars ¼ 50 lm. SG, spermatogonia; SC, spermatocytes; ST, spermatids; and SZ, spermatozoa.
dmrta2 REGULATES cdkn2c EXPRESSION cdkn2c coding sequence to the most upstream end of the Fasassociated factor 1 (faf1, GenBank-AY101195) transcription start site (Fig. 8A) . After restriction digestion with AluI and immunoprecipitation with an anti-GST antibody, a linker was added and one clone was recovered by TA cloning following PCR amplification. Subsequently, we analyzed this sequence for potential Dmrta2-binding elements (Fig. 8B) and identified one putative Dmrt-binding element (TGCTGTTACAGTGTT), which was located 1250 bp upstream from the cdkn2c start codon (Fig. 8A) . Furthermore, the double-stranded oligonucleotide spanning this potential Dmrta2-binding element was synthesized and labeled with biotin to be used as a probe (S2) for EMSA. Incubation of the purified WT GST-Dmrta2 fusion protein with the S2 probe resulted in two major shifted bands, representing the DNA-protein complexes; the binding specificity of this interaction was verified by competition analysis using different doses of cold S2 probes (Fig. 8, D1-D5 ) and two mutated S2 probes, S2 5 (5 bp mutation) and S2 2 (2 bp mutation) as shown in Figure 8 , D5 and D6. These data indicate that the shifted bands resulted from a specific DNAbinding pattern. This experiment also demonstrated the binding capacity of Dmrta2 to sequences within the cdkn2c promoter. Therefore, we can conclude that Dmrta2 regulates its affected gene (cdkn2c) by directly binding to its promoter region during spermatogenesis.
The Dmrta2-Binding Site Was Required for the Expression of cdkn2c During Spermatogenesis
Because we identified the potential Dmrta2-binding site in the cdkn2c promoter and showed that the Dmrta2 RQ -expressing testis showed a decrease in cdkn2c expression, we reasonably concluded that the transcription of cdkn2c might be activated by Dmrta2 through its binding to the identified binding site. To test this hypothesis, we created two groups of transgenic zebrafish in parallel using the transgenic dmrta2 RQ zebrafish. One group included three transgenic lines in which the eGFP reporter gene was driven by the WT cdkn2c promoter (165L2-eGFP) as a positive control, and the other group contained two lines in which the eGFP reporter gene was driven by a mutated version of the cdkn2c promoter (165L2 m -eGFP) without the Dmrta2-binding site. Significantly, as much as a 90% decrease in eGFP expression was detected by qPCR in the mutant 165L2 m -eGFP testes, and the eGFP expression levels were
While normal spermatogenesis appears unaffected, cdkn2c expression is significantly reduced in the testis of Dox-treated adult fish. The hematoxylin and eosin staining of Dox-treated testis sections (A) showed no difference from nontreated testis sections (B). However, qPCR analysis showed a greatly decreased expression of cdkn2c in Dox-treated testis (C). **P , 0.01. The expression in Dox-treated testis decreased dramatically (D) compared to nontreated testis (E). Vasa expression was basically unchanged in Dox-treated testis (F) when compared with nontreated testis (G). Bars ¼ 50 lm. Error bars indicate standard deviation from three independent experiments. SG, spermatogonia; SC, spermatocytes; and SZ, spermatozoa.
consistently lower in the testes of both mutant 165L2 m -eGFP lines than those in the testis of all three 165L2-eGFP transgenic lines (Fig. 9C) . Moreover, this significant decrease in eGFP expression was confirmed by immunostaining of testis sections using an eGFP antibody. In contrast with the normal expression of eGFP in the spermatogonia and spermatocytes of the 165L2-eGFP transgenic testis (Fig. 9A) , almost no eGFP green fluorescence was observed in the corresponding germ cells of both mutant 165L2 m -eGFP testis (Fig. 9B) . To further rule out the possibility of position effects, we also analyzed the expression of faf1, the nearest neighbor gene to dmrta2, on the BAC. As shown in Figure 9C , no dramatic change was observed in faf1 expression compared with eGFP. These results suggest that the existence of this putative Dmrta2-binding site is vital for maintaining a normal expression level of cdkn2c, implying that Dmrta2 might act as a cdkn2c-activating factor by binding to this site during spermatogenesis.
DISCUSSION
The vertebrate dmrt genes originally gained public attention for their strong relationships with human and mouse testis development [2, 40, 41] , which was later shown to be highly conserved for dmrt1 genes across various organisms [1, 3, 22, [42] [43] [44] [45] [46] . This bias was also found to be true for dmrtc1 [47] and dmrtc2 [48] in mice and DMY [7] in medaka. Although many dmrt genes were found to be expressed and to perform functions outside of the gonads, most of them showed obvious gonadal expression [11, 12, 37, [49] [50] [51] [52] , including the dmrta1 and dmrta2 genes, which were reported to be expressed in the developing forebrain [12, 37, 51] . Ciona dmrt1, the presumable coorthologous ancestor of dmrta1 and dmrta2 in this nonvertebrate organism, was found to be essential for the development of anterior neural plate derivatives [53] , which suggests that dmrta1 and dmrta2 might inherit their nervous system function from their common ancestor and that this FIG. 8 . Dmrta2 has a binding site on the cdkn2c promoter. A) Schematic diagram of the zebrafish cdkn2c promoter region and the sequence of the recovered clone. The newly discovered Dmrta2 consensus site is highlighted in yellow. The 31-bp sequence that is underlined was used as the probe for EMSA analysis (S2). B) The preferred binding sequences (used in S1) of mouse Dmrta2, all of which have been previously described [32] , and their preferences are listed at each position. C) Enlargement of the cdkn2c promoter region (from faf1 to cdkn2c) showing the locations of the overrepresented putative regulatory motifs. A vertical yellow arrow shows the position of the potential Dmrta2-binding site. Purple, orange, royal blue, sky blue, turquoise, navy blue, green, and red represent Bcl-6, Oct-7, C/ebp, Foxo1a, Gata, Mef2, Oct-1, and Sox-5, respectively. D) Gel mobility shift analysis of the binding capacities of WT GST-Dmrta2 to different probe sequences. Dmrta2 bound specifically to the S2 probe, with hot S2 probe incubated with 13, 43 and 803 (D1-D4) concentrations of cold S1 probes individually, compared with its binding capacity with the two mutated S2 5 and S2 2 probes (D5 and D6). The sequences of S2 5 and S2 2 are shown in E. Complexes c1 and c2 represent 1:1 and 2:1 protein-DNA complexes, respectively.
dmrta2 REGULATES cdkn2c EXPRESSION function will be very likely evolutionarily conserved. This idea was further supported in the current study when we interfered with endogenous Dmrta2 function in developing zebrafish embryos. Because of the difficulties of successfully interfering or altering normal gene functions in adult vertebrate tissues (without inducing mortalities), only functional analyses of the dmrt1 and dmrta1 roles in adult mouse gonadal development have been performed using knockout technology [14, 41] . A recently published paper [54] describes dmrta2 functions only in the mouse midbrain, although this gene showed obvious expression in the developing forebrain. In the dmrta1 knockout mouse, only very subtle abnormalities were observed in the ovary, and no abnormal brain development was observed in this mouse despite the early expression of dmrta1 in the developing embryonic brain, which might be partially due to the potential overlapping functions shared by dmrta1 and dmrta2. This functional overlap may be reflected, in part, by the fact that fewer altered Xenopus embryo phenotypes were found than expected when dmrta1 was knocked down [51] .
In this study, we chose zebrafish as the model to study dmrta2 function because dmrta1 was demonstrated to be likely absent in its genome. Moreover, we observed preferential dmrta2 expression in the developing brain during embryogenesis and in the adult testis. Then, we made a mutated version of Dmrta2 (Dmrta2 RQ ) by replacing the position-106 arginine with glutamine and confirmed that this mutation successfully abolished zebrafish Dmrta2's DNA-binding capacity in vitro. Subsequently, we cloned a part of the dmrta2 regulatory sequence that is mostly responsible for its expression in the developing brain and adult testis. When the promoter sequence was combined with the Tet-on system and the mutated Dmrta2 RQ sequence, it became a powerful tool that allowed us to investigate dmrta2 function specifically during spermatogenesis. When Dmrta2 RQ was expressed in the developing embryos, we noticed that dmrta2 played vital roles during forebrain development, including sustaining emx1 expression and limiting fgf8a expression to maintaining normal telencephalon development. We further tested whether this also occurred during testis development by inducing the expression   FIG. 9 . The Dmrta2-binding site was required for the normal germ cell expression of cdkn2c as shown by transgenic analysis. Compared to the eGFP expression in WT BAC (165L2-eGFP) transgenic testis (A), the expression levels of eGFP in mutated BAC (165L2 m -eGFP) transgenic testis were significantly reduced (B). C) A decrease of !90% in eGFP expression was detected by qPCR, while faf1 expressions were almost unchanged. Error bars indicate standard deviation from three independent RNA extractions from three individuals of each group. **P , 0.01, Student t-test. PI staining in red shows the position of the nucleus. Bars ¼ 50 lm.
of Dmrta2 RQ during spermatogenesis. However, no change was observed for emx1 at the mRNA level, and fgf8a expression was barely detectable in our analyses (data not shown). These data suggest that dmrta2 might regulate the expression of genes depending on its molecular environment. Notably, we induced Dmrta2 RQ expression in the adult transgenic fish testis and observed the same expression patterns of endogenous dmrta2 and transgenic dmrta2 RQ in the germ cells. Although normal spermatogenesis and fertility were observed, significant suppression of the expression of syntenic cdkn2c was revealed in the Dox-treated dmrta2 RQ transgenic zebrafish, and a potential dmrta2-binding site on the cdkn2c promoter was confirmed to be required by protein-binding and promoter mutation analyses for sustaining normal expression of cdkn2c during zebrafish spermatogenesis. Through the current study, different functions of zebrafish dmrta2 were revealed in the developing telencephalon of embryos and in the spermatogenesis of adult testis. In zebrafish, loss of emx3 function reduces emx1 expression but has no effect on fgf8a and foxg1a expression [55] . Conversely, knockdown of fgf8a shows a significant reduction in emx3 expression in zebrafish developing telencephalons [56] , and knockdown of foxg1a exhibits an expansion of emx3 expression and an increase in fgf8a expression [57] . In this study, in Dmrta2 RQ -expressing embryos, a very dramatic increase in fgf8a expression and a decrease in emx1 expression were detected, which indicated that during zebrafish embryogenesis, dmrta2 might play distinctive roles by sustaining emx1 and limiting fgf8a expression to maintain normal telencephalon development. In the adult testis, Dmrta2 might regulate the expression of cdkn2c directly binding to its promoter region during spermatogenesis.
Generally, a genome undergoes complicated chromosomal rearrangements as it evolves into its current form or structure. Associated with these rearrangements is the evolutionary repositioning of genes responsible for the phenotypes shared with its ancestors [45, 46] . These gene relocations could alter the tempospatial expression patterns of these genes that are responsible for phenotypic changes along their evolution. In most cases, such as dmrta1-containing chromosome segments (Supplemental Fig. S2 ), these relocations will change the genomic structure dramatically and obscure the evolutionary relationships that a gene shares with its ancestors. Stronger than expected shared synteny could reflect selection for functional relationships between syntenic genes, such as combinations of alleles that are advantageous when inherited together or that share regulatory mechanisms [27, 29] . Through whole genome comparisons in this study, we found that dmrta2 clustered with a dozen genes, all of which, except for calr4 (following human nomenclature), share expression in male gonads that are undergoing meiosis.
This study demonstrates that Dmrta2 might act as an activator of cdkn2c during spermatogenesis in zebrafish. A potential direct interaction of the Dmrta2 protein with the cdkn2c promoter was established by gel shift and promoter mutation analysis. The cdkn2c gene belongs to a class of cdk inhibitors that exclusively bind to and inhibit the cyclin Ddependent catalytic subunits Cdk4 and Cdk6 and thus have important functions in regulating spermatogenesis by helping to ensure mitotic exit and the normal meiotic maturation of spermatocytes [58, 59] . In previous studies, cdkn2c and cdkn2d appeared to be structurally redundant [60] , and fertility was only affected when both cdkn2c and cdkn2d were mutated [59] , which could be the reason why spermatogenesis was mostly unaffected and the fish were fully fertile even when cdkn2c expression was greatly suppressed in our analysis.
In summary, we designed a highly effective potential dmrta2 dominant-negative and successfully used it to compete with endogenous dmrta2 gene functions specifically during spermatogenesis in the adult zebrafish testis. We found that Dmrta2 bound directly to the cdkn2c promoter region by in vitro analysis and regulated its endogenous expression. Additionally, for the first time, we showed that when dmrta2 functions were abolished in telencephalon development, the expression of another two telencephalon gene markers, emx1 (downregulated) and fgf8a (upregulated), were greatly changed, which is consistent with the observed roles of Ciona dmrt1 (zebrafish dmrta2 ortholog) in the development of anterior neural plate derivatives [53] . Future studies on how these two genes are affected will provide further insight into the mechanisms of telencephalon formation. However, the loss of cdkn2c appears to have little or no effect on normal spermatogenesis and testis development in Dmrta2-disrupted zebrafish gonads. We believe that further study of the function of the cdkn2c gene during zebrafish testis development may provide insight into the molecular regulation of male development and function.
